Rieg T. Caffeine-induced diuresis and natriuresis is independent of renal tubular NHE3. Am J Physiol Renal Physiol 308: F1409 -F1420, 2015. First published April 29, 2015 doi:10.1152/ajprenal.00129.2015-Caffeine is one of the most widely consumed behavioral substances. We have previously shown that caffeine-and theophylline-induced inhibition of renal reabsorption causes diuresis and natriuresis, an effect that requires functional adenosine A1 receptors. In this study, we tested the hypothesis that blocking the Gi protein-coupled adenosine A1 receptor via the nonselective adenosine receptor antagonist caffeine changes Na ϩ /H ϩ exchanger isoform 3 (NHE3) localization and phosphorylation, resulting in diuresis and natriuresis. We generated tubulusspecific NHE3 knockout mice (Pax8-Cre), where NHE3 abundance in the S1, S2, and S3 segments of the proximal tubule was completely absent or severely reduced (Ͼ85%) in the thick ascending limb. Consumption of fluid and food, as well as glomerular filtration rate, were comparable in control or tubulus-specific NHE3 knockout mice under basal conditions, while urinary pH was significantly more alkaline without evidence for metabolic acidosis. Caffeine self-administration increased total fluid and food intake comparably between genotypes, without significant differences in consumption of caffeinated solution. Acute caffeine application via oral gavage elicited a diuresis and natriuresis that was comparable between control and tubulus-specific NHE3 knockout mice. The diuretic and natriuretic response was independent of changes in total NHE3 expression, phosphorylation of serine-552 and serine-605, or apical plasma membrane NHE3 localization. Although caffeine had no clear effect on localization of the basolateral Na ϩ /bicarbonate cotransporter NBCe1, pretreatment with DIDS inhibited caffeine-induced diuresis and natriuresis. In summary, NHE3 is not required for caffeine-induced diuresis and natriuresis. caffeine; fluid homeostasis; natriuresis; NBCe1; Npt2a ONE OF THE MOST WIDELY CONSUMED BEHAVIORAL ACTIVE SUB-STANCES is caffeine. Caffeine belongs to the group of methylxanthines (1,3,7-trimethylxanthine). After ingestion, the most widely recognized effects of caffeine include increased arousal, alertness, vigilance, and locomotor activity, as well as sleep disturbance or diuresis (16). When moderate amounts of caffeine are consumed in the form of coffee (ϳ50 -400 mg/ cup) or energy drinks (Ͻ300 mg/can), plasma caffeine concentrations are in the range of 10 -50 mol/liter (3, 37, 54). Some of the effects of caffeine are attributed to antagonism of adenosine A 1 and/or A 2A receptors that caffeine blocks nonselectively (16). In contrast, although caffeine has been proposed to inhibit phosphodiesterases (PDE) and therefore cAMP/cGMP breakdown, the concentrations required to inhibit PDEs (ϳ1,000 mol/liter) are significantly higher compared with the concentrations required for the antagonistic effect on adenosine receptors (14).
centrations are in the range of 10 -50 mol/liter (3, 37, 54) . Some of the effects of caffeine are attributed to antagonism of adenosine A 1 and/or A 2A receptors that caffeine blocks nonselectively (16) . In contrast, although caffeine has been proposed to inhibit phosphodiesterases (PDE) and therefore cAMP/cGMP breakdown, the concentrations required to inhibit PDEs (ϳ1,000 mol/liter) are significantly higher compared with the concentrations required for the antagonistic effect on adenosine receptors (14) .
In contrast to the well described physiological effects of caffeine, the molecular origin of caffeine-induced diuresis and natriuresis is still unknown. We previously demonstrated that the diuretic and natriuretic effects of caffeine require functional adenosine A 1 receptors (52) . Similarly, caffeine self-administration induced a significant increase in total fluid intake in wild-type mice, but not in adenosine A 1 receptor knockout mice, which is consistent with the absence of a diuretic effect of caffeine in this model (51) . Natriuresis resulting from systemic administration of selective A 1 adenosine receptors antagonists is most likely caused by an inhibitory effect on proximal tubular reabsorption (26 -28, 41, 68) . Adenosine A 1 receptors are G i protein-coupled receptors that reduce cAMP levels when activated (15) . Contrastingly, caffeine acts as a competitive antagonist on adenosine A 1 receptors to increase cAMP (9, 17) . In the proximal tubule, cAMP inhibits Na ϩ /H ϩ exchanger isoform 3 (NHE3) (24, 43, 66, 67) , and 24-h caffeine treatment in rats reduces NHE3 protein expression (31) , suggesting that caffeine's diuretic and natriuretic effects may be due to NHE3 inhibition. This mechanism is supported by studies in renal proximal tubular cell lines and opossum kidney cells, where adenosine was shown to inhibit NHE3 via adenosine A 1 receptors (12) . Other transporters regulated by adenosine A 1 receptor activation include the Na ϩ /phosphate (7, 8) and Na ϩ /HCO 3 Ϫ cotransporters (59) . Interestingly, adenosine A 1 receptor blockade via theophylline (1,3-dimethylxanthine) inhibited basolateral HCO 3 Ϫ conductance in isolated perfused rabbit proximal convoluted tubules, an effect mediated by elevated intracellular cAMP levels (59) .
In this study, we tested the hypothesis that renal tubular NHE3 mediates caffeine-induced diuresis and natriuresis. We generated tubulus-specific NHE3 knockout mice and examined the effects of caffeine on the renal excretion of fluid and electrolytes in these mice compared with control mice. Our results demonstrate that tubular NHE3 is not required for the diuretic and natriuretic effect of caffeine. Furthermore, caffeine does not affect the abundance or localization of NHE3, the Na ϩ /phosphate cotransporter Npt2a, or the Na ϩ /bicarbonate transporter NBCe1. However, caffeine-induced diuresis and natriuresis is inhibited by DIDS, implying that Na ϩ /HCO 3 Ϫ cotransporter(s) are involved in the renal effects of caffeine.
MATERIALS AND METHODS
Animals. All animal experimentation was conducted in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD) and was approved by the local Institutional Animal Care and Use Committee, VA San Diego Healthcare System, San Diego, CA. Mice were housed under a 12:12 h light:dark cycle in standard rodent cages with free access to standard rodent chow (Harlan Teklad 7001, Madison, WI) and tap water. Floxed NHE3 (NHE3 loxlox ) female mice (33) were crossed with hemizygous male Pax8-Cre mice (5) , that express the Pax8-Cre transgene specifically in the tubulus system (5) . From the filial (F) 1 progeny, male mice heterozygous for the floxed NHE3 allele (NHE3 lox/wild-type ) and Pax8-Cre were bred to NHE3 loxlox mice to generate final breeder pairs in the F2 progeny. To generate male experimental tubulus-specific NHE3 knockout (NHE3 loxloxCre ) mice, female NHE3 loxlox mice were bred to male NHE3 loxloxCre mice. Mice were genotyped by PCR from genomic DNA isolated from ear punch with the following primers: NHE3 loxlox , 5=-AGC CAA GGA TAA TTC TGA AGA C-3= and 5=-TGC CTA CTG TTC CTT GGT GAA G-3=. Cycling parameters for PCR were as follows: segment 1 94°C, 5 min (one cycle) and segment 2 94°C, 30 s; 60°C, 1 min; 68°C, 3 min (40 cycles). The wild-type allele gave rise to a PCR product of 200 bp; the presence of a 160 bp fragment indicated the Neo cassettedisrupted NHE3 gene. Pax8-Cre, 5=-TCT CCA CTC CAA CAT GTC TGC-3=, 5=-CCC TCC TAG TTG ATT CAG CCC-3=, and 5=-AGC TGG CCC AAA TGT TGC TGG-3=. Cycling parameters for PCR were as follows: segment 1 94°C, 5 min (one cycle) and segment 2 94°C, 30 s; 58°C, 30 s; 72°C, 30 sec (35 cycles). The wild-type allele gave rise to a PCR product of 389 bp, and the Pax8-Cre allele generates a 673-bp fragment.
Two-bottle choice test. Male control (NHE3 loxlox ) or NHE3 loxloxCre mice were housed in their home cages with free access to food. Mice were given free access to either tap water (short bottle tip) or caffeinated solution (long bottle tip; 0.3 g/liter caffeine in tap water) on alternate days for 6 days (51). This conditioning is used to train the mice to the visual and gustatory presentation of caffeinated solution or water. After this conditioning procedure, mice were given free access to both bottles for a period of 2 wk. To avoid position preference, the positions of the bottles were switched daily. Consumption of water or caffeinated solution was determined daily as well as body weight and food intake. The mean values were determined for each mouse over the 2-wk period.
Metabolic cage experiments in conscious mice: renal caffeine effects. Male control and NHE3 loxloxCre mice were randomized to acute application of vehicle (sterile water, 3% of body wt) or caffeine (45 mg/kg body wt; Sigma-Aldrich, St. Louis, MO) given by oral gavage (52) . The mice were placed in metabolic cages (Tecniplast, Hohenpeissenberg, Germany) without access to food or water for a 3-h period during which quantitative urine collections were performed. The amount of urine produced was determined gravimetrically and flow rate calculated. The urine was analyzed as described below.
Effect of DIDS on renal caffeine effects. Male control mice were randomized to acute application of vehicle (0.85% NaCl, 2 l/g body wt ip) or DIDS [NBC inhibitor (35, 36) , 40 mg/kg, 2 l/g body wt ip; Acros Organics, Geel, Belgium] 30 min before application of a caffeine via oral gavage (45 mg/kg, 3% of body wt). DIDS was dissolved in sterile 0.85% NaCl solution by heating at 60°C for 15 min. Mice were housed in metabolic cages without access to food or water and, a 3-h quantitative urine collection was performed. The amount of urine produced was determined gravimetrically and flow rate calculated. Urine was analyzed as described below.
Effect of caffeine on abundance, phosphorylation, and trafficking of NHE3 and NBCe1. Male control mice were randomized to acute application of vehicle (0.85% NaCl, 1% of body wt) or caffeine via oral gavage (45 mg/kg body wt) and anesthetized 1 h after application. The right kidney was immediately removed for Western blotting (see below), and the left kidney perfused via the left cardiac ventricle at a pressure of ϳ120 mmHg with 1X phosphate buffered saline (pH 7.4, Mediatech, Manassas, VA) followed by 4% paraformaldehyde in phosphate buffered saline (Affymetrix, Santa Clara, CA) and processed for kidney sectioning (see below) (13) .
Measurement of GFR in conscious mice. Glomerular filtration rate (GFR) measurements were performed by determining the plasma kinetics of the GFR marker FITC-Sinistrin (Fresenius-Kabi, Linz, Austria) following a bolus intravenous injection as previously described (48) . Briefly, FITC-Sinistrin (2% in 0.85% NaCl, which was also used to establish a standard curve) was injected into the retro-orbital plexus (2 l/g body wt) during brief isoflurane anesthesia. At 3, 5, 7, 10, 15, 35, 56 , and 75 min after injection, blood was collected from the tail vein into a Na ϩ -heparinized 10-l microcap (Hirschmann Laborgeräte, Eberstadt, Germany). After centrifugation, plasma was diluted 1:10 in 0.5 mol/liter HEPES (pH 7.4) and fluorescence determined with a Nanodrop ND-3300 fluorospectrometer (Thermo Scientific, Wilmington, DE) by pipetting 2 l of samples onto the pedestal. GFR was calculated by a two-compartment model of two-phase exponential decay (GraphPad Prism, San Diego, CA).
Urine analysis and blood analysis. Sodium and potassium concentrations were analyzed by flame photometry (Cole-Parmer, Vernon Hills, IL). Chloride (Pointe Scientific, Canton, MI), calcium, glucose, and magnesium (Thermo Fisher Scientific, Middletown, VA) were determined photometrically by commercial assays. Urine osmolality was measured by vapor pressure (Vapro, Wescor, Salt Lake City, UT). Urinary pH was determined with a pH electrode (9810BN, Thermo Fisher Scientific). Blood chemistry was determined by an OPTI CCA blood gas analyzer with a B60 type cassette (OPTIMedical, Roswell, GA).
Immunohistochemistry. All procedures have been previously described in detail (42) . Primary antibodies used were against NHE3 (25), Npt2a (19) , CLC-K (AB5392, EMD Millipore, Billerica, MA), and NBCe1 (39) . Labeling was visualized by use of a peroxidaseconjugated secondary antibody (P448, Dako, Glostrup, Denmark) and visualized with 0.05% 3,3=-diaminobenzidine tetrachloride (Kemen Tek, Copenhagen, Denmark). Microscopy was performed with a Leica DMRE light microscope equipped with a digital camera (Leica Microsystems, Wetzlar, Germany). All microscope and camera settings were identical when obtaining images from different genotypes and experimental conditions.
Immunofluorescent labeling of kidney sections, confocal laser scanning microscopy, and image quantification. Tissue preparation, sectioning, and labeling were performed as previously described (53) . Goat anti-rabbit Alexa 488 conjugated secondary antibodies (Invitrogen, Carlsbad, CA) were used for visualization of labeling. Sections were mounted with glycerol-based mounting medium containing antifade reagent (Dako, Carpinteria, CA). A Leica TCS SL confocal microscope with an HCX PL APO 63ϫ oil objective lens (numerical aperture: 1.40) was used for imaging of labeled sections (Leica Microsystems). The procedure for semiquantitative imaging and semiquantitative protein abundance, in addition to the assessment of apical-to-basolateral pixel intensity has been described in detail previously (4, 53) .
Immunoblot analysis. Renal tissue was homogenized in buffer containing protease inhibitor cocktail (250 mmol/liter sucrose, 10 mmol/liter triethanolamine, Sigma-Aldrich and Roche Applied Science, respectively, Indianapolis, IN) and Halt phosphatase inhibitor cocktail (Thermo Scientific). The homogenate was centrifuged at 4,000 g for 15 min. Pellets were resuspended and used for Western blotting. Equal lane loading (total NHE3: 4 g, pS552 NHE3: 4 g, pS605 NHE3: 10 g) was achieved by a Bio-Rad DC Protein assay (Bio-Rad Laboratories, Richmond, CA) (50) . Samples were resolved on 4 to 12% NuPAGE gels in MOPS buffer (Invitrogen). Gel proteins were transferred to nitrocellulose membranes and immunoblotted with antibodies against NHE3 (dilution 1:1,000; Millipore), pS552 NHE3 (1:1,000; Novus Biologicals, Littleton, CO) and pS605 NHE3 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA). Chemiluminescent detection was performed with enhanced chemiluminescence (Amersham, Piscataway, NJ). Densitometric analysis was performed with ImageJ Software v1.46 (National Institutes of Health, Bethesda, MD). ␤-Actin was used as a loading control (dilution 1:5,000; Sigma-Aldrich).
Statistical analysis. Data are expressed as means Ϯ SE. Unpaired and paired Student's t-test or Mann-Whitney U-test were performed as appropriate to analyze for statistical differences between groups. For comparison of pixel distribution using semiquantitative immunofluorescent labeling, two-way ANOVA was used to test whether the curves (association) were significantly different between the experimental conditions. Significance was considered at P Ͻ 0.05.
RESULTS
Renal caffeine effects occur without changes in NHE3 localization, phosphorylation, or abundance. Our initial hypothesis centered on a role for NHE3 in mediating caffeine-induced diuresis and natriuresis. We thus examined NHE3 abundance and localization in mice kidneys following acute caffeine administration. NHE3 staining was observed in the S1, S2, and S3 segment of the proximal tubule 1 h after vehicle application (Fig. 1 ). Semiquantitative analysis indicated that in the S1 and S3 segments, the majority of NHE3 resides in the apical brush border, distributed approximately over the first 1-2 m of the microvilli. Caffeine treatment did not change the labeling intensity or the distribution of NHE3 (Fig. 1) . Concordantly, caffeine treatment did not significantly affect the total abundance of NHE3 or the phosphorylation of NHE3 at inhibitory sites S552 and S605 (29, 72) in renal membranes (Fig. 2) .
Confirmation of NHE3 knockout in kidney tubules. As, for example, an effect of caffeine on NHE3 could be via direct inhibition of the transporter rather than abundance and/or localization changes, we aimed to develop a tubulus-specific NHE3 knockout mouse. Qualitative immunohistochemistry in control mice identified NHE3 in the S1-3 segments of the proximal tubule as well as the thick ascending limb (Fig.  3A) . This labeling was greatly diminished in NHE3 loxloxCre mice. Semiquantitative immunofluorescence labeling and confocal microscopy confirmed the absence (Ͼ98%) of cortical NHE3 staining in NHE3 loxloxCre mice (Fig. 3, B and  D) . Analysis of labeling of NHE3 in the thick ascending limb in the region of the inner stripe of outer medulla (Fig.  3 , C and D) demonstrated severely reduced NHE3 (ϳ85% reduction) abundance in NHE3 loxloxCre mice compared with control mice. Urinary pH in spontaneously collected urine was significantly more alkaline from NHE3 loxloxCre mice compared with control mice (7.7 Ϯ 0.1 vs. 7.0 Ϯ 0.1, P Ͻ 0.05); however, there were no differences in blood pH To study the diuretic effects of caffeine, mice were subjected to caffeine self-administration via a two-bottle choice test and given a choice between caffeinated solution (0.3 g/l) and water (Fig. 4) . Total fluid and food intake increased comparably in control and NHE3 loxloxCre mice by ϳ30% and ϳ13%, respectively. The mean consumption of water and caffeinated solution was not significantly different between control and NHE3 loxloxCre mice, and no significant change in body weight was observed, indicating that mice were in fluid balance. To exclude that a lower GFR, a finding previously reported in conventional NHE3 knockout mice (6, 34) , was masking the renal caffeine effects, we measured GFR in conscious mice. Control and NHE3 loxloxCre mice had a comparable baseline GFR (524 Ϯ 34 vs. 586 Ϯ 36 l/min, NS), supporting the idea that NHE3 loxloxCre mice have intact fluid homeostasis. Acute caffeine effects in conscious animals. As caffeine self-administration did not identify differences in diuresis, we hypothesized that we might unmask the contribution of NHE3 by acute oral application of caffeine. Application of vehicle did not show significant differences in any of the measured absolute renal excretions between control and NHE3 loxloxCre mice except for a significantly higher urinary pH in NHE3 loxloxCre mice (Fig. 5) , which may be a consequence of impaired proximal tubule bicarbonate reabsorp- tion (33, 56) . In control mice, caffeine significantly increased absolute urinary excretion of fluid, Na ϩ , Cl Ϫ , K ϩ , glucose, Ca 2ϩ , and Mg 2ϩ , represented by an increased total osmolar excretion. NHE3 loxloxCre mice showed a comparable renal response to caffeine; however, urinary K ϩ excretion was significantly higher, while urinary Ca 2ϩ excretion was significantly lower compared with caffeine-treated control mice. Caffeine treatment did not affect urinary pH in either genotype.
Renal caffeine effects occur without changes in Npt2a abundance or localization. Another possible mechanism explaining how caffeine could cause diuresis and natriuresis relates to the observation that adenosine stimulates phosphate transport in opossum kidney epithelial cells (10) . In this study (Fig. 6) , and as described previously (13), Npt2a was detected throughout the proximal tubule, with greater abundance in the early (S1) segment. Vehicle application identified that the majority of Npt2a resides in the apical brush border membrane, distributed approximately over the first 3 m of the microvilli. Caffeine treatment did not change the labeling intensity or the distribution of Npt2a (Fig. 6) .
DIDS pretreatment inhibits caffeine-induced diuresis and natriuresis. Our previous micropuncture studies suggested a role for NBCe1 in mediating the acute diuretic effect in response to selective adenosine A 1 receptor blockade (40) . To further examine a potential role of NBCe1 for mediating the caffeine effects, we randomized control mice to treatment with DIDS [nonselective NBCe1 inhibitor (23, 35) ] or vehicle 30 min prior to application of caffeine. In contrast to vehicle plus caffeine administration, DIDS plus caffeine showed a signifi- In contrast, the NHE3 staining is almost completely absent in tubulus-specific NHE3 knockout mice (NHE3 loxloxCre ). B: representative confocal microscopy images of renal cortical NHE3 expression in kidney sections from Con and NHE3 loxloxCre mice. C: representative confocal microscopy images of NHE3 in inner stripe of outer medulla (ISOM) sections from Con and NHE3 loxloxCre mice. NHE3 in Con mice is consistent with thick ascending limb localization, with labeling significantly reduced in NHE3 loxloxCre mice. D: quantification of NHE3 labeling intensity (mean fluorescent signal) shows that total NHE3 labeling intensity in the cortex is almost completely absent and severely reduced (Ͻ85%) in the ISOM of NHE3 loxloxCre compared with Con mice. n ϭ 5/genotype; *P Ͻ 0.05 vs. Con. Scale bar ϭ 200 m (A) and 100 m (B and C).
cantly lower urinary flow rate, alongside lower urinary Na ϩ and Cl Ϫ excretion (Fig. 7) . In contrast, absolute urinary K ϩ , glucose, Ca 2ϩ , Mg 2ϩ , and total osmolar excretion were not different between caffeine-treated control mice with pretreatment of DIDS or vehicle.
DIDS effects are independent of NBCe1 abundance or trafficking. We examined if the reduced diuresis and natriuresis observed with DIDS was caused by caffeine affecting NBCe1 abundance or trafficking. NBCe1 staining was observed in the basolateral membrane of the S1 and early S2 segments of the proximal tubule 1 h after vehicle application. Caffeine treatment did not change the labeling intensity or the distribution of NBCe1 (Fig. 8) .
Renal caffeine effects occur without changes in CLC abundance or localization. As DIDS has also been shown to affect CLCs (46), we examined the effects of caffeine on CLC-K2 abundance and trafficking. However, immunohistochemistry (technical issues limited analysis by confocal microscopy) did not show any clear differences between vehicle or caffeine administered mice (Fig. 9) .
DISCUSSION
Caffeine is a widely consumed substance, but induces renal effects including diuresis and natriuresis. The mechanisms behind these effects were previously unknown. We have reported that adenosine A 1 receptors mediate the diuretic and natriuretic effects of the methylxanthines caffeine and theophylline (52); however, the involved transport protein(s) have so far not been identified. In the current study we generated renal tubulus-specific NHE3 knockout mice and demonstrated that NHE3 is not required for the diuretic and natriuretic effects of caffeine. Additional experiments excluded the Na ϩ /phosphate cotransporter Npt2a being responsible for the caffeine-induced effects. In contrast, DIDS (unspecific Na ϩ /bicarbonate cotransporter NBCe1 blocker) was found to block caffeine-induced diuresis and natriuresis, although this effect was independent of significant changes in NBCe1 abundance or distribution.
Our initial studies of the renal effects of caffeine centered on the role of NHE3. Previous studies have demonstrated that NHE3 is regulated via adenosine A 1 receptors (11, 12) , and adenosine A 1 receptor knockout mice lack caffeine-induced diuresis and natriuresis (52) , suggesting that NHE3 may be responsible for the caffeine effects. One mechanism for alteration of NHE3 function is via redistribution. For example, dopamine acutely decreases apical membrane NHE3 abundance in the mouse proximal tubule within 1 h (2), or a 20 min elevation in blood pressure causes redistribution of NHE3 from the brush border membrane to the base of the microvilli (71). Thus we hypothesized that caffeine-induced redistribution of NHE3 from the brush border membrane, resulting in diuresis and natriuresis. In contrast to our hypothesis, we found that caffeine did not significantly affect abundance or localization of NHE3 in the S1-3 segments of the proximal tubule. Additionally, changes in phosphorylation of NHE3 at S552 and S605, which were shown to accompany diuresis and natriuresis following activation of glucagon-like peptide 1 receptors (50) or activation of the cAMP/PKA signaling pathways by uroguanylin (32), were not observed following caffeine treatment.
To completely rule out a role of NHE3 for mediating caffeine effects, a tubulus-specific NHE3 knockout mouse was . Total fluid and food intake increased in both genotypes during the experimental period; however, no difference in the consumption of caffeinated solution, fluid, or food were observed, and the changes in total fluid consumption, food intake, and body weight were comparable between genotypes. n ϭ 12/genotype; # P Ͻ 0.05 vs. basal same genotype. generated by interbreeding NHE3 loxlox mice with Pax8-Cre mice. In contrast to the proximal tubule S1-2 segment-specific NHE3 knockout mouse (33) generated by interbreeding with a Sglt2-Cre mouse, the current model had a complete absence of NHE3 in the S1-3 segments of the proximal tubule. In addition, no NHE3 expression was detected in the cortical thick ascending limb, and a severely reduced NHE3 expression was detected in the medullary portions of the thick ascending limb. Baseline physiological parameters were unremarkable in NHE3 loxloxCre mice except for a more alkaline urinary pH. The more alkaline urinary pH was also evident in our metabolic cage experiments after vehicle application. In contrast to conventional whole-body NHE3 knockout mice, a lower GFR (not present in NHE3 loxloxCre mice; see below) and therefore a reduced filtered bicarbonate load is not a compensating mechanism. The more alkaline urinary pH in NHE3 loxloxCre mice might relate to the 50 -60% inhibited bicarbonate reabsorption seen in conventional NHE3 knockout mice, which show only a mild metabolic acidosis (56, 65) . Of note, the metabolic acidosis is not a consistent finding in conventional NHE3 knockout mice (44) . Our NHE3 loxloxCre mice show comparable blood pH and bicarbonate concentrations as well as food intake relative to control mice, while excreting a more alkaline urine, suggesting a homeostatic mechanism can be activated in the absence of tubular NHE3 to keep blood pH constant. The precise mechanism(s) and the organ(s) involved remain to be determined. Taken together, our novel NHE3 loxloxCre mouse model challenges the commonly accepted role of NHE3 for fluid and pH homeostasis. The current results warrant further studies to determine the overall role of NHE3 in the kidney for salt homeostasis and blood pressure regulation. Possible compensatory changes in the expression and/or localization of other transport proteins and/or channels are also warranted. In metabolic cage experiments, caffeine self-administration resulted in an identical diuretic response between tubulusspecific NHE3 knockout mice and control mice. However, acute caffeine administration resulted in a higher kaliuresis and lower Ca 2ϩ excretion in NHE3 loxloxCre mice relative to control mice. The reasons for these altered responses remain to be determined. We speculate that they could relate to changes in salt transport systems downstream of the proximal tubule and further examination of these various pathways would be informative. As the data provided substantial evidence that NHE3 was not directly responsible for mediating the renal effects of caffeine, we examined alternative mechanisms. Na ϩ -dependent phosphate transport in human kidney cells is stimulated by adenosine A 1 receptor agonists (60) . Furthermore, KW3902 and 8-Cyclopentyl-1,3-dipropylxanthine (both selective adenosine A 1 receptor antagonists) inhibit Na ϩ -dependent phosphate uptake in cultured rat proximal tubule cells via stimulation of cAMP (7, 8) . We hypothesized that redistribution of Npt2a from the proximal tubule brush border membrane (13, 22) would occur following caffeine administration. In vehicletreated control mice, Npt2a was detected in the proximal tubule with a similar distribution as described previously (13), with the majority of Npt2a residing in the first 3 m of the microvilli. Unlike the clear effect of PTH on Npt2a (within a similar time frame) (13), caffeine administration had no significant effect on Npt2a distribution or abundance. Our previous micropuncture experiments employing KW3902 indicated that Na ϩ /bicarbonate transporters may be responsible for KW3902-induced diuresis and natriuresis (40) . NBCe1 accounts for the reabsorption of ϳ80% of filtered bicarbonate (30) and, like NHE3 and Npt2a, is regulated via the protein kinase A/cAMP pathway (20, 21) . Therefore, NBCe1 was an alternative molecular player in the caffeineinduced effects. We detected NBCe1 in the basolateral membrane of cells in the S1 and early S2 segment of the mouse proximal tubule, an expression pattern comparable to that described in the rat (39, 55) . Furthermore, treatment of mice with DIDS (an unspecific NBCe1 blocker) clearly inhibited caffeine-induced diuresis and natriuresis. However, we detected no clear effect of caffeine on either NBCe1 abundance or distribution, suggesting that the caffeine-induced diuresis and natriuresis might be an inhibitory effect on NBCe1 transport activity rather than NBCe1 localization. Of note, mutated NBCe1 (G486R) had normal membrane abundance while showing impaired (ϳ50% reduced) transport activity and, as a consequence, caused renal proximal tubular acidosis (58) . Why would DIDS decrease caffeine-induced diuresis and natriuresis? In theory, if DIDS targeted the same transport protein(s) as caffeine, one would expect to see an identical or even increased renal response to caffeine. However, DIDS clearly inhibited caffeine-induced diuresis and natriuresis without affecting kaliuresis. At this stage we can only postulate reasons for these responses: 1) caffeine has effects on transport protein(s) other than NBCe1 which, as a prerequisite, require NBCe1 to be functional for maximal caffeine-induced diuresis and natriuresis; 2) ATP and/or UTP acting via P2 receptors inhibit renal salt and water reabsorption (49) ; as DIDS can act as a P2 receptor antagonist (47, 69) , DIDS may increase salt and water reabsorption in distal nephron segments thereby antagonizing the renal caffeine effects, 3) caffeine's effect via a membrane bound receptor is inhibited by DIDS; and 4) in vivo application of DIDS alters, for example, vasopressin secretion which counteracts the caffeine effects.
Another point of discussion from our studies is related to GFR effects following NHE3 gene deletion. Conventional NHE3 knockout mice and NHE3 knockout mice with transgenic expression of NHE3 in the small intestine show a 20 -30% lower whole kidney GFR compared with control mice (6, 70) . In addition, single nephron GFR is decreased in conventional NHE3 knockout mice, an effect attributable to activation of tubuloglomerular feedback (TGF) (34) . Supporting a previous study that provided indirect evidence that kidney function, determined via plasma creatinine measurements, was unaltered in mice with knockout of NHE3 in the S1-2 segment of the proximal tubule (Sglt2-Cre) (33), we found a comparable GFR between conscious control and NHE3 loxloxCre mice. Of note, blocking NHE3 by S3226 (a potent inhibitor) during in vivo microperfusion did not significantly alter the TGF response measured by the fall in early proximal tubular stop flow pressure when the loop of Henle perfusion rate was increased (63) . Taken together, this possibly indicates that expression of NHE3 outside the kidney tubule and/or other factors contribute to the GFR differences observed in other NHE3 knockout models. Similarly, considering the overall mild phenotype of different kidney-specific NHE3 knockout mouse models in respect to acid base and fluid homeostasis, the role of NHE3 in proximal tubule may need to be reconsidered, including the role of NHE3 for altering the set point for Na ϩ -fluid volume homeostasis. Our study is not without limitations. To our knowledge, the only available tool to block Na ϩ /bicarbonate transporters is DIDS, which also inhibits other transporters and channels, including Cl Ϫ /bicarbonate transporters (45) or Cl Ϫ channels (ClC-K1 and/or 2) (1). However, blockade of Cl Ϫ channels would be predicted to result in nephrogenic diabetes insipidus (38) , and the addition of caffeine should theoretically exacerbate its diuretic and natriuretic action. In addition, our studies did not show an effect of caffeine on ClC-K2 redistribution. The development of novel selective antagonists or floxed NBCe1 mice [conventional NBCe1 knockout mice die before weaning (18) ] will help to test for a role of caffeine and selective adenosine A 1 receptor antagonism for the diuretic and natriuretic effect. Methylxanthines are also nonselective adenosine receptor antagonists and these studies were not designed to confirm that they are proximal diuretics, a finding previously concluded from lithium clearance studies (57, 62) . Similarly, it was recommended that caffeine-containing products be avoided in all studies of lithium clearance (61) , and in the light of these findings these rules have been followed in hundreds of human studies. Finally, since adenosine receptors are expressed along the entire nephron (64), we cannot exclude that other transport proteins downstream of the proximal tubule are involved in the caffeine-induced diuresis and natriuresis. In the mouse kidney ClC-K2 is localized to the medullary thick ascending limb. Representative images of diaminobenzidine-stained kidneys show ClC-K2 in the thick ascending limb (A), and caffeine application did not clearly alter this staining pattern (B). mTAL, medullary thick ascending limb; n ϭ 6/condition. Scale bar ϭ 25 m.
